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ABSTRACT

Wang, Quan. Ph.D., Purdue University, May 2012. Charge Multiplicity Asymmetry

Correlation Study Searching for Local Parity Violation at RHIC for STAR Collabo-
ration . Major Professor: Fugiang Wang.

The strong force is one of the four fundamental interactions in particle physics de-
scribing the interaction between partons (quarks and gluons) which make up hadrons.
The theory of the strong force is called quantum chromodynamics (QCD), which is a
quantum field theory of the color charged partons. The force between color charges
does not diminish while they are separated. This property causes the color charges
to be confined in to hadrons, in ordinary matter. Quark-Gluon Plasma (QGP) is
one phase of the QCD matter at extremely high temperature and/or pressure, where
the partons are asymptotically free. Experimentally, QGP might be created in ultra
relativistic heavy ion collisions [1-4].

It has been suggested that in such deconfined QCD matter, the metastable do-
mains with non-zero topological charge @),, will generate charge separation along the
system angular momentum direction caused by chiral magnetic effect (CME). The
charge separation direction is random as the sign of )y, is random from domain to
domain. The event-by-event charge separation along the system angular momentum
direction violates the parity and time-reversal symmetries locally (LPV) [5-10]. In
this analysis, we measure the CME/LPV in heavy ion collisions with charge multi-
plicity asymmetry correlations.

We separate a heavy ion collision event into up and down, or left and right
hemispheres according to the reconstructed event-plane and the plane perpendicu-
lar to the event-plane. We then calculate the multiplicity asymmetries of the posi-
tive and negative charges by taking the multiplicity difference between up and down

hemispheres (A4 yp), as well as left and right hemispheres (A4 1r), and divide by
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the total multiplicities. Since the event-plane does not distinguish between up and
down nor left and right, the average of the asymmetries are consistent with zero,
(Ay yp) = (AL r) = 0. However, the correlations between the asymmetries are
non-zero due to the physical correlations between particles.

We study the variances ((A%,) and (A3%.)) and covariances ((A,A_)yp and
(AyA_)rr) of the charge multiplicity asymmetries. The asymmetries are calculated
using the multiplicity from one side of the TPC tracks with respect to the event-plane
reconstructed from the other side of the TPC tracks in order to avoid self-correlation.
We also apply single particle detector efficiency correction on asymmetry calculation
and event-plane reconstruction. The variance results are alway positive because they
are the square of real numbers, which is the effect of statistical fluctuations. We
subtract the statistical fluctuation and the detector non-uniformity effects to obtain
the dynamical variances (A% ) and 6(A3 ).

We show the dynamical variances and covariances of Au+Au 200 GeV collisions
and d+Au 200 GeV collisions. Data show the dynamical variances are positive at
peripheral collisions consistent with d+Au data. This suggests that same-sign particle
pairs are emitted preferentially in the same direction. Both variances in UD and LR
drop in mid-central and central collisions and turn to negative, which suggests that
the same-sign pairs are more likely to be emitted symmetrically, more back-to-back
in other words, regardless of the directions. The covariances are largely positive for
both UD and LR directions, which suggests the opposite-sign particles are strongly
correlated, and emitted with small angle correlation.

The CME/LPV expects charge separation across the event-plane (U D direction),
which gives additional correlation to the same-sign particle pairs in out-of-plane (U D)
direction than in-plane (LR) direction, i.e. a wider distribution of the asymmetries
in UD direction. We should expect A(A?) = §(A% ) — (A2 ) > 0. One also expects
that the positive and negative charges are anti-correlated in U D direction, so that the
covariances A(A;A_) = (AL A_)yp — (AL A_) g are negative. We show the UD —

LR correlations of the dynamical variances and covariances. Both the variance and
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covariance differences are positive for all centralities except the most peripheral bins.
The variance UD — LR correlation is positive, which is consistent with CME/LPV
expectation. However we also know same-sign pairs are preferentially back-to-back
from mid-central to central collisions. The covariance UD — LR correlation is also
positive, which is not consistent with the naive expectation of CME/LPV.

We study the transverse momentum (pr) dependence of the correlations. The
CME/LPV expects the charge separation is mostly a low-py effect. However data
show the correlations increase with pr in the mid-central collisions.

The dynamical variances and covariance as a function of event-by-event anisotropy
vs¥ for low-pr (pr < 2 GeV/c) and high-pr (pr > 2 GeV/c) particles are analysed.
The UD — LR variance and covariance show opposite trend of low-pr v$®*, but with
very weak dependence of the high-pr v$P*. We use four different data and cuts to
verify the result: sub-events with n > 0 and 1 < 0, sub-events with large pseudo-
rapidity gap n > 0.5 and n < —0.5, events with the first order ZDC-SMD event-plane
and top 2% most central data. They all show similar v$’* dependence.

There might be charge independent common background sitting between the same-
sign and opposite-sign correlations. So we define charge separation as the difference
of same-sign and opposite-sign correlations, A = A(A?) — A(A,;A_), to cancel the
background, and show it as a function of the wedge size, azimuthal region of the
analysed particles. The charge separation vanishes with the decrease of the wedge
size, which suggests the charge separation effect is within the vicinity of the reaction-
plane.

We also show the charge separation as a function of event-by-event low-pr v5bs.
The CME/LPV effect does not expect event anisotropy dependence. However, we
see the charge separation is strongly and linearly depending on low-pr v3* for four
different cases. The linear dependence intercept at zero or slightly positive, when the

sub-event is isotropic in low-py particle azimuth angle, i.e. v5** = 0.

Because the average v$®® is positive due to elliptic flow, the charge separation is

positive if we integrate over all events. The linear v5** dependence of charge separation
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is more likely an intrinsic charge dependent bulk correlation of the medium. A more
precise measurement of the CME/LPV effect may lie on the events with a more
isotropic shape. We show the charge separation of events with |[v5%*| < 0.04 as a
function of centrality, which is consistent with zero. Thus we give the upper limit of
the CME/LPV effect based on the linear fit of the charge separation A as a function
of v$¥%, that A = 4.7 x 10~° with 98% CL.



1. INTRODUCTION
1.1 Strong Interaction and Quantum Chromodynamics

There are four fundamental interactive forces in particle physics, which describe
the way elementary particles interact with each other. They are electromagnetism,
strong interaction, weak interaction and gravitation. Modern physics attempts to
explain all physically observed phenomena by the theories of these fundamental inter-
actions. Except for gravitation, theories of electromagnetism, the strong interaction
and the weak interaction are well established in the standard model. In the concept
model, matter consists of elementary particles, which are spin one-half fermions and
interact with one another according to their properties (charges). They interact by
exchanging spin one gauge bosons, also called force carriers. A summary of the fun-
damental interactions with their theories and properties is shown in table 1.1. Figure
1.1 shows the three generations of elementary leptons and quarks, as well as the gauge
bosons.

Specifically in this thesis, the focus is on the study of the strong interaction. It
is a short range interaction comparing to other three interactions that binds protons
and neutrons together to form the nucleus of atoms (in the range of 1-3 fm), and also
binds quarks and anti-quarks to form hadron particles (in the range of less than 1
fm). The strong interaction is carried out by gluons exchanging “color charge”, an
analogous to the electronic charge in electromagnetism between quarks, anti-quarks
and gluons. Different from the force carrier photon () in electromagnetism, gluon (g)
can interact between themselves. Unlike electromagnetism’s electric charges (positive
and negative), there are three types of color charges, resulting in different behaviors
of strong interaction. The behavior of the color charges and the interactions of quark-

gluon are detailed in the theory of quantum chromodynamics (QCD), the quantum



Table 1.1
Fundamental interactions.
Force Carriers Relative
Interaction Theory
(gauge boson) Strength
Quantum
Strong gluon (g) 1038
ChromoDynamics (QCD)
Electro- Quantum ElectroDynamics
photons (7) 1036
magnetic (QED)
W (W#*) and
Weak Electroweak Theory 10%

Z (Z) bosons

gravitons (hypo-
Gravitation ~ General Relativity (GR)
thetical)

field theory of the nuclear interaction. As part of the standard model, mathematically,
the theory is a non-Abelian gauge theory based on a local symmetry group SU(3).

There are two unique properties of the QCD theory: color confinement and asymp-
totic freedom. Quarks and gluons are the only elementary particles carrying color
charges. The strong force between color charges, unlike all other forces, doesn’t di-
minish with increasing the distance of the color charges. It takes an infinite amount
of energy to separate two quarks. Thus, before the quarks can be separated, the
energy is large enough to create quark and anti-quark pairs to combine with the
original quarks. Experimentally, isolated quarks have never been observed, i.e. free
color charges. Any ordinary matter which can be observed are color neutral. This
phenomenon is called color confinement.

Asymptotic freedom is a property of the SU(3) gauge theory. At high energy, or
equivalently at very short distance (< 1 fm), the interaction between quarks becomes
weak, while at low energy or equivalently at large distance (> 1 fm), the interaction

becomes strong. This phenomenon prevents the baryons and mesons from unbinding.
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Figure 1.1. The three generations of quarks and leptons, and the gauge
bosons. Figure is taken from wikipedia.

1.2 Quark-Gluon Plasma and Chiral Symmetry

Quark-Gluon Plasma (QGP) is a phase of QCD matter at extreme conditions,
such as very high temperature (T') and/or high baryon chemical potential pp [11,12].
Figure 1.2 shows an illustrated phase diagram of quark matter. QGP might be
produced in heavy ion collisions at the Relativistic Heavy Ion Collider (RHIC) [1-4],
which is similar to the environment of the universe a few milliseconds after the Big
Bang. The hot dense matter created in the heavy ion collisions at very high energy
is considered to be in thermal equilibrium. Further studies show that extra degrees

of freedom could be released at the quark level. Quarks have been relatively freed



from the confined nuclei. This phenomenon is called color deconfinement, one of two

fundamental properties of QGP.

The Phases of QCD

Quark-Gluon Plasma

Critical Paint

-
Color

Hadron Gas r
Superconductor

Muciear )
Maker Newlron Slars
B et

0 Mev

aryon Chemical Potential

Figure 1.2. The illustration phase diagram of quark matter.

The other fundamental property, also considered as a signature of the QGP, is
chiral symmetry restoration. Chirality in physics is a phenomenon that an object
is not identical to its mirror image, i.e. its mirror image cannot be mapped by
only rotations and translations. In the high energy limit, chirality can be treated as
helicity (handedness). The helicity is defined as the sign of projecting the particle spin
onto its direction of motion. The chirality is positive (right-handed) if the direction
of the particle’s spin is aligned in the same direction as its motion. It is negative
(left-handed) if the spin is opposite to its motion.

For massless particles, the helicity cannot be reversed by a Lorentz boost because
no observer can travel faster than light. Therefore the massless particles have their

helicity fixed for all reference frames, such as photon () and gluon (g). Their helicity



are invariant under Lorentz transformation. On the other hand, massive particles
have slower speed than light. Then one can always boost a reference frame, so that
the momentum reverses the direction. Massive particles thus may change their helicity
signs after the Lorentz boost.

In QCD theory, the Lagrangian can be written as

1

i S 1 (TR YR P 5 MO SR Y
f !

where f and g denote flavor index and the QCD coupling constant, Fj, denotes the
spin-1 gluonic field strength tensor. Af is the vector potential of the color field. 1y
and t, are the quark fields and the generators of the color SU(3) group. The mass
term m 1010 explicitly breaks the chiral symmetry of the QCD Lagrangian.

Quark masses come from two sources. One is the “naked” quark mass, also called
current mass, which is considered to originate from the Higgs mechanism in standard
model. The other source is from the gluon field induced by a valence quark (quark
which determines the hadron’s quantum number), where the quark is surrounded like
a cloud by sea quarks called covering. The two terms together give rise to the effective
quark mass called the constituent mass.

For light quarks, i.e. up and down, the constituent mass is much larger than the
current mass, while for heavy quarks, i.e. charm, bottom and top, the constituent
mass is nearly the same as the current mass. Figure 1.1 shows the current masses
of the quarks. To show the constituent quark mass, we use proton as an example.
The proton is a composite of three valence quarks “uud” with the total current mass
approximately 10 MeV. However, the mass of proton is 938 MeV, which is much
larger than the total current masses of the valence quarks. The difference comes from
the gluon field, the binding energy of quantum chromodynamics, while the gluons are
massless.

In the QGP phase as shown in the phase diagram, the quarks can be released
from the confined matters and move relatively “freely”. They are not really free,

but relatively free. Thus, in such quark matter, quarks loose their covering. The



light quarks will have their mass greatly reduced to nearly zero, such that the mass
term in the QCD Lagrangian vanishes, which results in the chiral symmetry becoming
restored in the quark matter. In such chiral limits (m, = 0, my = 0), for light quarks,
all left-handed quarks remain left-handed, and all right-handed quarks remain right-
handed. Each chiral state has a chiral symmetry partner with the opposite parity

and equal mass.

1.3 Chiral Magnetic Effect and Local Parity Violation

Based on the well defined gauge theory, many remarkable properties of QCD
matter have been discovered. One of the properties is that the field configurations
can be characterized by a topological invariant, the topological charge @ [10]. It is
defined as

Qw = 33—; / R A (1.2)
where g is the QCD coupling constant, and F, and Em = %e#,,p"Fpo‘U denote the
gluonic field tensor and its dual.

In QCD matter with the chiral limits (massless quarks m; = 0) satisfied, chiral
symmetry can be restored in the initial state with Ny = Nggy, where Npy and
Ngry denote number of left-handed and right-handed quarks. There are metastable
domains with certain topological charge @)y, forming in the vicinity of the deconfined
QCD matter [6], which lead to parity (P) and charge-conjugation and parity (CP)
violation, if @y, is non-zero. The result is to convert right-handed (left-handed) quarks
to left-handed (right-handed) quarks, with Npy — Npy = 2N;(Q),, in the final state,
where Ny is the number of flavors [10].

Figure 1.3 shows an illustration of the Chiral Magnetic Effect (CME) inside the
quark matter with the presence of a large and uniform magnetic field B. Within the
quark matter, all the quarks are deconfined, and chiral symmetry is restored with
chiral limit (m, = mg = 0). The red arrows denote the momentum direction, and the

blue arrows denote the spin direction of the quarks. Due to the large magnetic field,



Figure 1.3. TIllustration of the chiral magnetic effect in a very large homo-
geneous magnetic field. The red arrows denote the momentum direction,
and the blue arrows denote the spin of quarks. See text for the details of
the effect. Figure is taken from reference [10].

quarks will eventually occupy the lowest Landau level after equilibrium, with their
magnetic moments align in the same direction as the B field. Thus, u quarks with
positive charges have their spin in the same direction of the B field, and d quarks with
negative charges in the opposite direction of the B field as shown in part (1). Then
the gauge field with non-zero topological charge (), interacts within the metastable
domain, as shown in part (2), and breaks the chiral symmetry by, for example with
negative )y, converting left-handed v and d quarks into right-handed quarks. The
result is to flip the momentum direction of the left-handed quarks to the opposite
direction. In the end as shown in part (3), all the u quarks are right-handed and
moving upwards carrying positive charges, and all the d quarks are also right-handed
but moving downwards carrying negative charges. This charge separation effect is
then called the Chiral Magnetic Effect (CME), and could possibly be measured in

experiment if indeed true.
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Figure 1.4. Panel (a): Illustration of parity violation with charge sepa-
ration in the system angular momentum direction. Panel (b): Illustration
of charge separation along the system angular momentum direction (L)
and magnetic field direction (B) in center of mass frame. The z direction
is defined as the projectile (A) and target (B) nuclei momentum direction.
The two heavy ion nuclei undergo a mid-central collision with the reaction
area shown in orange color. See text for details.

The schematic view of the charge separation effect in a mid-central heavy ion
collision is illustrated in figure 1.4(b). In the center of mass frame, the beam direction
(z direction in the figure) and the direction connecting the centers of two colliding
nuclei (z direction) define the “Reaction-Plane” of the collision. The overlapping
reaction area, has an elliptical shape and contains the hot dense QCD matter which
could have chiral symmetry restored. The spectators, the wounded nuclei A and B
in the figure, carry positive charges and create a magnetic field B when passing the
reaction area. The direction of the magnetic field is the same as the QCD system’s
angular momentum L direction. If CME is indeed true and the effect can survive

through the hot dense medium evolution to the detectors, one should observe charge



separation along the magnetic field, i.e. system angular momentum direction, which
is perpendicular to the reaction plane.

As shown in figure 1.4(a), charge separation gives the system an electric dipole
moment (EDM), with its direction pointing from the negative charge to the posi-
tive charge. When the system has its angular momentum aligned (anti-aligned) with
the direction of the EDM, applying a parity operation to the system will change its
parity state to anti-alignment (alignment). Thus, charge separation in the angular
momentum direction is a phenomenon of parity violation. It is known that the par-
ity symmetry is violated in some weak interactions, while it is well preserved in all
other three interactions including strong interaction. If we could measure the charge
separation in the system angular momentum direction in QCD matter, it may indi-
cate that the parity symmetry could be violated in strong interaction. However, the
topological charge @)y, of the metastable domains are random within the QCD mat-
ter. Thus, the direction of charge separation is also random. The charge separation
effect cancels out over repeating experiments, in other words, it only happens on the
event-by-event basis. So, the effect is only local, namely local parity violation (LPV).
Globally, the parity symmetry is still conserved over a large number of events.

The estimates of the charge separation signal are proportional to the topological
charge @, and diluted by the event multiplicity. It was first calculated in reference [7]
that the asymmetry of u quarks, for example, can be estimated as

_ Np- N,

LY S 1.3
Ny TN, (1.3)

when assuming P and CP are preserved in the hadronic process. Then the asymmetry

should translate to the hadron multiplicity asymmetry of charged pions

Qw
Apr >~ —, 1.4
N (1.4)
where N, is taken as positively charged pion multiplicity in one unit of rapidity.

This is because soft particles are usually correlated in one unit of rapidity range,

which is also the extent of the parity violation domain in the rapidity space [7]. At
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STAR experiment, the reference multiplicity Ngegasu is the total number of charged
particles recorded by the main TPC with pseudo-rapidity range of —0.5 < n < 0.5,
see section 2.2.4. At RHIC energy of 200 GeV per nucleon pair in Au+Au central
collision, Ngefaru 1s typically around 300, and drops to 150 in mid-central collisions,
and 30-50 in peripheral collisions [13]. Although the gold nucleon carries positive
charges causing positive charged particles to produced slightly more frequently than
the negatived charge particles (about 2%), we still have A, = A_ because they are
normalized by the total number. Putting those numbers together, we have the charge
multiplicity asymmetries at the order of ~ 1072 in mid-central collisions [7-9], and
~ 107 to ~ 1072 for the asymmetry correlations.

Apparently we do not take into account some of factors in the above estimation
which may vary the final result, such as the magnetic field strength and duration time.
More accurate estimations can be found in reference [10], where theoretical calcula-
tions have included magnetic field strength and fluctuations. They all give similar
estimated results. However, the in-medium interaction and final state interactions
before freeze out may also play an important role. Because the strong interaction
conserves parity symmetry, the in-medium interactions could not contribute to the
parity odd signal, but they will destroy the charge separation signal which are gen-
erated in early stage of the collisions. The effect is to smear out the correlations
between charges. The estimated effect is to reduce the signal for at least one order of
magnitude [14], with the estimate around ~ 1075 to ~ 10~ for the asymmetry corre-
lations [10]. A recent estimate shows that the CME/LPV induced charge asymmetry
correlation is less than 1075 in [15], and 10~ after multiplied by the N4t Some even
claim it is possible that the radial flow can even push the opposite-sign pairs into the
same direction [16]. Thus, the sign of the opposite-sign correlation may possibly be

even positive.
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1.4 Anisotropic Flow and Three-Particle Correlator

To study the properties of the QCD matter, physicists study heavy ion collisions
at ultra relativistic conditions by accelerating heavy nuclei such as gold to the speed
close to the light, and colliding them to create the new state of hot dense matter. A
massive amount of particles are created during the collision, which mimics the early
time of the Big Bang of the universe.

In non-central heavy ion collisions shown in figure 1.4(b), the initial spacial anisotropy
will cause a pressure gradient in the azimuthal angle. The pressure in in-plane direc-
tion is larger than that in out-of-plane, which translates to larger transverse momen-
tum (pr) and more particles are emitted in-plane than out-of-plane in the final state
hadrons. The spacial and momentum space anisotropy of the event is driven by the
initial pressure gradient, and affected by the medium strong interactions, which can
be used as a probe of the initial collision geometry and the medium properties. The

anisotropy is characterized by the Fourier expansion of the event azimuthal angle ¢:
dN -
10 x 1+;2vn cos [n (¢ — vgrp)], (1.5)

where ©¥rp denotes the true reaction plane as shown in figure 1.4(b). The Fourier
coefficient v,, stands for the n-th harmonic of the event azimuthal anisotropy. If we
apply orthogonal condition of cosn(¢ — 1rp) to the above equation, we can get the

n-th harmonic coefficient v,, as:

vy, = (cos[n(¢ — Yrp)]), (1.6)

where (.. .) denotes an average over all the particles of each event. Due to the reflection
symmetry, the sine terms vanish. Specifically, we refer the first order harmonic v,
as directed flow, and the second order harmonic v as elliptic flow, respectively. The
directed flow v; is an odd function of the rapidity due to momentum conservation,
which is measured very small at RHIC /syny = 200 GeV Au+Au collisions with
typically |v1| < 0.005 for |n| < 1 [17]. The elliptic flow vy is an even function of the
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rapidity, and is measured sizable positive at 200 GeV Au+Au mid-central collisions
about 6 percent for particle within 0.15 < py < 2.0 GeV/c [18].

Both the first and second order anisotropy are directly related to the initial con-
dition of the collision. Thus, the directed flow and elliptic flow provide us the exper-
imental tools to determine the reaction-plane direction. The methods are introduced
in sections 3.5.1 and 3.5.2.

Equation 1.5 is parity even because cosine is an even function to the mirror reflec-
tion. In order to study the P-violation across the reaction-plane, we have to account

for the parity odd terms, sine. The modified Fourier expansion can be written as
dN - _
— x 1+ Z 2 (v, cos [n (¢ — Yrp)| + ansinn (¢ — Yrp)]) . (1.7)
d ¢ n=1

The coefficient a, stands for the P-violation terms across the reaction-plane. As
we introduced in previous section, a, is due to the local parity violation with the
topological charge @)y,. The signs of a,, vary with the fluctuation of Q. If we average
a large amount of events, the averages of a,, vanish because the topological charge is
random. Thus, the direct measurement of a,, is not possible. However, the charge
separation effect will not vanish, and can be measured through correlation methods.

STAR has published measurements of the first order charge dependent coefficient
ap correlations. A charge dependent three-particle correlator [16,19,20] is introduced

as

(co8(¢a + 5 — 2¢.)) V2 = (cOS(Po + P5 — 2¢RP)) (1.8)
= (cos A¢, cos Agg) — (sin A, sin A¢y) (1.9)
= [(v1,av1,8) + Bin] — [(01,002,8) + Bout), (1.10)

where «, § and c are particle charge labels, and A¢ = ¢ — )pp refers to the particle
azimuthal angle relative to the reaction-plane. Assuming firstly, directed flow term
(v1,4v1,5) vanishes because it is an odd function of the rapidity and its fluctuation
is small. Secondly, the average background from in-plane B;, and out-of-plane B,

cancels out, assuming the reaction-plane dependent background [B;,, — B,y] is small.
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Lastly, only the first order a; dominates. Under such assumptions, the three-particle
correlators are reported as the first evidence of the CME/LPV. We will review the
assumptions and compare our observables to the three-particle correlations in section

4.5.1.
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2. EXPERIMENT

In this chapter, we introduce the experiment of relativistic heavy ion collision. We
introduce the facility and detectors used for data taking. We also introduce the

kinematic variables measured for this analysis.

2.1 Relativistic Heavy Ion Collider

The Relativistic Heavy Ion Collider (RHIC) is one of the high energy heavy-
ion colliders located at Brookhaven National Laboratory in Upton, New York on
Long Island. By accelerating and colliding heavy ion and polarized proton beams,
physicists study the matter created at extremely high temperature and density, which
is the QCD matter with strongly interacting partons (quarks and gluons).

Protons and heavy ion nuclei are accelerated in two independent pipes to nearly
the speed of light and may collide at four intersecting points where the pipes cross.
So far, several particle species have been accelerated for collisions at different en-
ergies, including proton-on-proton (p+p), deuterium-on-gold (d+Au), copper-on-
copper (Cu+Cu), gold-on-gold (Au+Au), copper-on-gold (Cu+Au) and uranium-
on-uranium (U+U). For heavy ion collisions, the center of mass energy can reach 200
GeV per nucleon pair. For p+p collisions, it achieved 500 GeV in 2009.

As shown in figure 2.1, the RHIC accelerator ring is 3,834 m long in circumference,
and there are four experiments on RHIC collision points. They are STAR (6 o’clock),
PHENIX (8 o’clock), PHOBOS (10 o’clock) and BRAHMS (1 o’clock). PHOBOS
and BRAHMS have completed their commissioning and been shut down after 2005
and 2006, while STAR and PHENIX are still running since 2000. This thesis is based
on the data taken by STAR experiment of Au+Au and d+Au collisions at \/syn =
200 GeV.
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Figure 2.1.  The schematic plot of the Relativistic Heavy Ion Collider
(RHIC) facility located at Brookhaven National Laboratory (BNL). Dia-
gram taken from [21].

2.2 STAR Experiment

The Solenoidal Tracker at RHIC (STAR) detector is located at the 6 o’clock
interaction region of the RHIC accelerator ring. The main physics goal is to study
the formation, evolution and characteristics of the strongly coupled Quark Gluon
Plasma (sQGP) [1-4], a state of QCD matter which is believed to be formed at very
high temperature and/or high energy density. It is designed primarily for charged
hadron production measurements with high precision tracking and momentum over

a large solid angle.
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Figure 2.2. Schematic STAR detector layout with selected sub-systems.
Diagram taken from [21].

STAR is a massive detector weighing 1,200 tons and as big as a building. It has
a large relatively uniform acceptance in azimuthal angle, and also a large polar angle
coverage in mid-rapidity. It consists of several sub-systems as shown in figure 2.2.
System upgrades are constantly going on since the first build of the detector. Some of
the sub-detectors are removed and replaced for better measurement or more tracking
capability.

For convenience, we set up the STAR coordinate system with its origin located
at the STAR detector geometry center. The z direction points to the west, which is
parallel to the beam pipe direction. And the x direction points to the south, and the
y direction points to up. The whole detector is surrounded by the main magnetic coil

which generates a field in the z direction with the maximum of |B,| = 0.5 T [22].
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2.2.1 Time Projection Chamber

The main tracking device is the Time Projection Chamber (TPC), which records
the tracks of particles and provides the kinematic information of each track [23,24].
It is located within the magnetic coil, with a 4.2 m cylinder length, 0.5 m inner radii
and 2 m outer radii. With the full magnetic field (|B.| = 0.5 T) turned on, the
TPC can identify a broad transverse momentum range of charged particles from 0.15

GeV/c to 30 GeV/c depending on particles.

Outer Field Cage
& Support Tube

Sector
Support—Wheel

Figure 2.3. The schematic cutaway view of STAR TPC detector. Figure
is taken from [24].

A diagram of the TPC is shown in figure 2.3. The TPC is a particle detector which
consists of a gas-filled cylindrical chamber with multi-wire proportional chambers on
the endcaps at each side of the cylinder. There is a high voltage central membrane
disc which divides the cylindrical chamber into two halves. The central membrane,

together with the “Outer Field Cage” and “Inner Field Cage” as shown in figure 2.3,
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provide a nearly uniform electric field along the z direction parallel to the beam pipe
and magnetic field, pointing from the endcaps to the center.

When a charged particle is generated in the collision, it traverses the TPC volume,
ionizes gas atoms every few tenths of a millimeter along its trajectory, and leaves a
cluster of electrons behind. The electron clusters then drift within the electric field
toward the sectors of the endcaps. Each electron cluster will be accelerated by the
electric field around the anode and cause a localized cascade of ionization, which is
collected on the high voltage wire and results in an electric current. The position of
the hit point is then recorded in the r and ¢ dimension, and the amplitude of the
current is proportional to the energy of the detected particle. The endcaps are made
by 24 identical sectors, 12 on each side. Each sector covers about 7/6 in azimuthal
angle, and totally full coverage of 2. The z position is obtained by measuring the
drift time from the collision to the time when the electron cluster is recorded at the
endcaps because the drift velocity can be precisely measured beforehand. One can
then reconstruct the tracks by fitting the 3-dimensional hit points collected by the
TPC. Track in the TPC usually has a helix shape, and the maximum hit points at the
endcaps can be as many as 45 hits. The transverse momentum py and the charge sign
of a particle can be calculated from the curvature of the trajectory with the applied
magnetic field. Figure 2.4 shows the side view (zz plane), and front view (xy plane)
of an Au+Au collision event.

In this thesis, the particle information is taken mostly from the TPC. The most
frequently used kinematic variables ¢ and 7 are shown in figure 2.4. The azimuthal
angle ¢ (figure 2.4(a)) is the angle of a particle transverse momentum pp relative to
x axis in STAR coordinates. Pseudo-rapidity 1 describes the angle relative to the

beam direction, i.e. z direction. It is defined as

=i () o)

:lln(“ﬂ*m), (2.2)

2 |]7| —PL
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(a) Transverse view

(b) Side view

Figure 2.4. An example event of central Au+Au collisions in transverse
view (a) and side view (b). The definition of azimuthal angle ¢ and
pseudo-rapidity 7 are shown in panel (a) and (b) respectively.

where 6 is the angle of the particle momentum p relative to the beam axis, and py,

denotes the longitudinal component of the particle momentum p. In the relativistic
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limit when particle’s speed is close to the speed of light, or the particle mass is small
compared to its total energy, the rest mass could be ignored to good approximation.
Then pseudo-rapidity is numerically close to rapidity which is defined as

1 E+pr
= —In 2.
Y 5 <E L>7 (2.3)

where F is the energy of the particle. The rapidity definition is used in theoretical
calculations, while it requires two parameters E and p of a particle to be measured at
the same time, which is inconvenient experimentally. However, the pseudo-rapidity
requires only one measurement, p, and it is close to rapidity for light particles (i.e. pi-
ons, electrons). The STAR detector has a large and uniform pseudo-rapidity coverage
of -1 <n<1.

When an event is recorded, the tracks reconstructed from the TPC hits are called
global tracks. By extrapolating the tracks back to the center of the detector, the
original collision vertex can then be fitted from all the trajectories very precisely.
The position of the collision vertex is noted as v in STAR coordinates. We can
then do the tracking reconstruction again with all the TPC hits plus the additional
collision vertex. The tracks reconstructed with collision vertex are called primary
tracks. The advantage of primary tracks is that particles created from the collision
vertex will get a better resolution since the collision vertex has a very good resolution.
However, the tracks from secondary decay will have worse resolution because the
collision vertex might be off from the track helix. Thus, we introduce the Distance of
Closest Approach (DCA). It is defined as the closest distance from the collision vertex
to a track helix. By cutting on DCA, one can manually select the tracks preferentially

from the collision vertex or the secondary decay vertex.

2.2.2 Zero Degree Calorimeters

The Zero Degree Calorimeter (ZDC) detectors are located at +18 m away from
the geometry center of the STAR detector as shown in red in figure 2.2 [25]. They

measure the energy deposition of neutrons, which are associated with the spectator
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matter, in the three tungsten plates on each side of the ZDC. The ZDC has been used
for beam monitoring and event triggering.

There was an upgrade in 2003 of the ZDC by adding Shower Maximum Detectors
(SMD), which gives the ZDC-SMD the capability of recording the shower profile
of neutron clusters in the transverse plane (zy plane) of the collisions. The SMD
information contains 7-slate (vertical) by 8-slate (horizontal) readouts from the ADC
photomultiplier tubes which connect to the SMD scintillators. The raw readouts are
corrected for the background by subtracting the pedestal. The readouts also have
to be adjusted for the distortion of the electronics by applying the gain correction,
which is from the cosmic ray calibration. Finally, the vertical and horizontal signals
can present a well defined spectator position in the zy plane, which can be used for

the direct event-plane reconstruction.

2.2.3 Event Triggering

The collision rate at RHIC 2004 is about 10M Hz, which means there are 10M
collision events per second happening in the STAR detector. However, the STAR
TPC is a slow detector because the electrons need time to drift to the endcaps to be
recorded, and the DAQ system is also limited by the bandwidth. At 2004, the DAQ
operated at rates about 100 Hz of Au+Au 200 GeV collisions.

In order to reduce the recorded collision events, trigger detectors are needed to
select 100 events out of 10M events per second, based on our interests [26]. The
fast detectors are used as trigger detectors. They are the Zero Degree Calorimeters
(ZDC), the Central Trigger Barrel (CTB) and the Beam-Beam Counters (BBC). The
ZDC is introduced in previous section. The CTB detector is located between the
outer cage of the TPC and the ToF detector, which measures the charge multiplicity
in the same pseudo-rapidity range of |n| < 1 as the TPC with full azimuthal coverage.

The BBC detector is located outside of the pole tip magnets as shown in figure 2.2. It
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measures the multiplicity in forward region and provides vertex location information
of the collision.

The Au+Au minimum bias collisions, the least biased data sample, are triggered
by both ZDCs (east- and west-side) and the CTB. The event is cut on the ZDC
coincidence rate above certain value from the east and west ZDC, and the primary
vertex from the ZDC signals. And there is also a cut on the CTB multiplicity to reject
the non-hadronic events. However, some of the low multiplicity hadronic events are
also rejected, thus there are bias on the low multiplicity events at the most peripheral
collisions below 80% centrality. For this reason, our analysis is focusing on the data
above 80% centrality only.

The d+Au minimum bias collisions used in this analysis are triggered on ZDC
detector from the east side only, which is where the Au beam is from.

We also use the most central Au+Au collisions in the analysis which are triggered
on ZDC detectors and the CTBs. It requires the ZDC detector with a high coincidence
rate, and the C'TBs with a large multiplicity matching the most central minimum bias

collisions, which eventually selects the most central collisions about 12% centrality.

2.2.4 Centrality Definition

The collision initial condition is of great importance in heavy ion nucleus-nucleus
collisions. The impact parameter b is defined as the distance between the geometric
center of the two colliding nuclei in the transverse plane. The nucleons are then
undergo interactions with each other. The number of participants referred to as Npg,
is defined as the number of nucleons that participate in at least one inelastic nucleon-
nucleon reactions. And the number of binary collisions is defined as the number
of such inelastic nucleon-nucleon reactions, usually referred to as N.,;. However,
they cannot be measured directly from the experiment, and have to be deduced
from other experimental observables and combined with Monte-Carlo simulations.

The simulation is done in the geometry model with experimental measurement of
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nucleon-nucleon cross sections and considering the multiple scattering of nucleons
in the heavy ion collisions. Such Monte-Carlo techniques is generally referred to as

Glauber model [27].
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Figure 2.5. A Glauber Monte-Carlo event (Au+Au at \/syy = 200 GeV
with impact parameter b = 6 fm) viewed in transverse plane (left) and
along the beam axis (right). Figure is taken from [27].

Figure 2.5 shows a Glauber Monti-Carlo Au+Au collision event at center of mass
Vsny = 200 GeV. The impact parameter b = 6 fm. The dark circles represent
the participating nucleons. It is obvious that the smaller the impact parameter, the
more participating nucleons and binary collisions in an event, hence more generated
particles detected by the detector. Figure 2.6 shows the illustration plot of the event
multiplicity within |n| < 1 distribution corresponding to the impact parameter b and
the number of participants Npq+. Then experimentally, one can relate the final state
multiplicity to the Npq and b.

In the STAR experiment, the efficiency uncorrected charged particle multiplicity in
one unit of the pseudo-rapidity d N, /dn is used instead of N, to deduce the N,4,+ and
b parameters, which is called reference multiplicity Ngesarue [13,28]. The Npefarui
is the number of charged particles recorded by the main TPC at mid-rapidity range

of —=0.5 < n < 0.5. With the Ngesare distribution, we can cut on certain fraction
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Figure 2.6. An illustrated example of the total final state inclusive

charged particle multiplicity N, distribution with Glauber-calculated
quantities (b, Npq¢). The plotted distribution and various values are il-
lustrative and not actual measurements. Figure is taken from [27].

of the events to correspond to the impact parameter b and Np,,.. Typically, we cut
on 0-5%, 5-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-60%, 60-70% and 70-80% from

most central to most peripheral collisions.
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3. DATA ANALYSIS

In this chapter, we first give the definition of our charge multiplicity asymmetry
variables and their correlations. We then introduce the data and quality cuts used in
the analysis, followed by related analysis procedures and corrections. At the end, we

check for consistency and study the systematic uncertainties.

3.1 Charge Multiplicity Asymmetry Observables

3.1.1 Charge Multiplicity Asymmetries

AUP
1 I
LEFT /\ RIGIiI'
1 \/ IV
DOWN

Figure 3.1. Schematic view of the overlap region on transverse plane in
a typical non-central heavy ion collision. The four quadrants are labeled.
UP=1+I11,DOWN =I1II+1IV,LEFT =11+111,RIGHT =1+1V.

In heavy ion collisions, the overlap area of the collision can be illustrated as an
elliptical shape on the transverse plane as shown in figure 1.4. The event anisotropy

can then be used to estimate the reaction-plane (RP) direction for a given event.



28

The estimation is defined as event-plane (EP). Once the event-plane is determined,
we can then separate the overlap area into hemispheres in the collision transverse
plane (zy plane in figure 1.4). As shown in figure 3.1, UP- and DOWN-hemispheres
are separated by the EP. LEFT- and RIGHT-hemispheres are separated by the plane
perpendicular to the EP. Particle multiplicity asymmetries are then defined, on event-

by-event basis, as

Ayvp = (Nywv—Nyp)/(Nyv + Nyp),
( )

A_yp=(N_v—N_p)/(N_v+N_p),

Avrr=(Nyr— Ny r)/(Ny L+ Ny g),
( (

A*,LR— ]\77 — N_ R)/ N,’L—Q—N,’R). (31)

Here Ny ¢, N1 p, Ny and N, p are positively charged particle multiplicities in the
UP (quadrants I and II), DOWN (III and IV), LEFT (II and III), and RIGHT (I
and IV) hemispheres as in figure 3.1, respectively. Those of negatively charge particle

multiplicities are represented by N_ 7, N_ p, N_ 1, and N_ p

3.1.2 Charge Multiplicity Asymmetry Correlations

As introduced in section 1.3, the non-zero topological charges (Qy), gauge con-
figurations, change the quark chirality which causes the asymmetry in the number
of left- and right-handed quarks, Npy — Ngy = 2N¢Qy, where Ny is the number
of light quark flavors. Since the sign of the topological charges (Qy) is random,
the chirality changes are also random from domain to domain in a single event and
from event to event. Moreover, the event-plane reconstructed from event anisotropy
does not distinguish up from down, neither left from right. This causes the charge
separation direction random